We developed a new surface-selective time-resolved nonlinear spectroscopy, femtosecond time-resolved electronic sum-frequency generation ͑TR-ESFG͒ spectroscopy, to investigate ultrafast dynamics of molecules at liquid interfaces. Its advantage over conventional time-resolved second harmonic generation spectroscopy is that it can provide spectral information, which is realized by the multiplex detection of the transient electronic sum-frequency signal using a broadband white light continuum and a multichannel detector. We studied the photochemical dynamics of rhodamine 800 ͑R800͒ at the air/water interface with the TR-ESFG spectroscopy, and discussed the ultrafast dynamics of the molecule as thoroughly as we do for the bulk molecules with conventional transient absorption spectroscopy. We found that the relaxation dynamics of photoexcited R800 at the air/ water interface exhibited three characteristic time constants of 0.32 ps, 6.4 ps, and 0.85 ns. The 0.32 ps time constant was ascribed to the lifetime of dimeric R800 in the lowest excited singlet ͑S 1 ͒ state ͑S 1 dimer͒ that is directly generated by photoexcitation. The S 1 dimer dissociates to a monomer in the S 1 state ͑S 1 monomer͒ and a monomer in the ground state with this time constant. This lifetime of the S 1 dimer was ten times shorter than the corresponding lifetime in a bulk aqueous solution. The 6.4 ps and 0.85 ns components were ascribed to the decay of the S 1 monomer ͑as well as the recovery of the dimer in the ground state͒. For the 6.4 ps time constant, there is no corresponding component in the dynamics in bulk water, and it is ascribed to an interface-specific deactivation process. The 0.85 ns time constant was ascribed to the intrinsic lifetime of the S 1 monomer at the air/water interface, which is almost the same as the lifetime in bulk water. The present study clearly shows the feasibility and high potential of the TR-ESFG spectroscopy to investigate ultrafast dynamics at the interface.
I. INTRODUCTION
Second-order nonlinear spectroscopy is an indispensable tool to study the molecules at interfaces. [1] [2] [3] [4] The physicochemical properties of interfacial molecules have been investigated by second harmonic generation ͑SHG͒ and IR-visible vibrational sum-frequency generation spectroscopies. [5] [6] [7] Especially, the time-resolved SHG spectroscopy is utilized to observe the dynamics of interfacial molecules through the temporal change of the electronically resonant second harmonic signals, and it has been applied to the study of ultrafast dynamics such as solvation, 8, 9 orientational motion, 10, 11 internal conversion, 12 and electron transfer. 13 Although the time-resolved SHG spectroscopy has provided novel experimental observations, the knowledge about the dynamics of interfacial molecules is still limited, compared with our knowledge for molecules in bulk solutions. One of the reasons is that the SHG spectroscopy has not provided spectral information that is essential for convincing interpretations and discussions of the observed phenomena. So far, time-resolved SHG measurements have been carried out only for a single probe wavelength, and interface-selective transient SHG spectra have never been reported due to the technical difficulties. For molecules in bulk solutions, timeresolved electronic spectra ͑i.e., time-resolved absorption spectra͒ have been intensively and extensively measured, and the obtained spectral information plays essential roles to clarify the ultrafast chemical/physical processes observed. Therefore, it is natural to desire the development of a method that provides interface-selective time-resolved electronic spectra to extensively study the dynamics of molecules at interfaces.
Recently, we demonstrated that multiplex electronic sum-frequency generation ͑ESFG͒ spectroscopy can provide interface-selective steady-state electronic spectra with an unprecedentedly high signal-to-noise ratio ͑S / N͒. 14 In this paper, we extend our ESFG spectroscopy to femtosecond timeresolved measurements, and report time-resolved electronic spectra of interfacial molecules for the first time. The aim of the present work is to show that we are now able to examine the ultrafast dynamics at liquid interfaces with femtosecond time-resolved ESFG ͑TR-ESFG͒ spectroscopy, as thoroughly as we do for the solution-phase molecules using conventional time-resolved absorption spectroscopy.
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II. EXPERIMENTAL SECTION
The experimental scheme of the TR-ESFG measurement is shown in Fig. 1͑a͒ . The pump pulse is in resonance with the absorption of the ground state of solute molecules and excites them to the electronically excited state. After a certain delay time, the 1 and 2 probe pulses are simultaneously irradiated to monitor the photoinduced change at the interface by measuring ESFG signals that are resonantly enhanced with the electronic transition of the interfacial molecules. Figure 1͑b͒ shows the experimental setup of the TR-ESFG spectroscopy. It is based on the steady-state multiplex ESFG setup recently reported by us.
14,15 A femtosecond Ti:sapphire regenerative amplifier ͑Spitfire, Spectra Physics͒ was used as the laser light source, and its output ͑800 nm, 1 kHz, 1 mJ͒ was divided into three parts. The first part was used for the excitation of an optical parametric amplifier ͑TOPAS, Quantronix͒ to generate a signal output at 1380 nm. The obtained 1380 nm pulse was frequency doubled to 690 nm, and it was used as the pump pulse. The polarization of the pump pulse was made circularly polarized, and it was focused onto the sample solution at normal incidence. The second part of the regenerative amplifier output was attenuated and used as the narrow-band 1 probe pulse ͑800 nm͒. The third part was focused into water to generate a white light continuum, which was used as the broad-band 2 probe pulse. The spectrum of the 2 probe pulse extended from 540 nm to 1.2 m. The 1 and 2 probe pulses were noncollinearly focused onto the same spot ͑ ϳ 0.4 mm͒ as the pump pulse was focused at an incident angle about 45°͑from normal͒. The 1 and 2 probe pulses were linearly polarized and set at p polarization. The pulse energies of the pump pulse, 1 probe pulse, and 2 probe pulse were typically 7.5, 10, and 7.5 J, respectively. The time delay between the pump and 1 probe pulses was controlled by a translational stage ͑SGSP46-500, Sigma-Koki͒. The timing between the 1 and 2 probe pulses was fixed because the ESFG signal ͑ 1 + 2 ͒ was generated at the interface only when the 1 and 2 probe pulses were temporally overlapped. The generated ESFG light was introduced to a single polychromator ͑HR320, HORIBA Jobin Yvon͒ and detected by a cryogenically cooled CCD ͑Spec-10:2KBUV, Princeton Instruments͒ after spectral dispersion. We normalized the raw ESFG spectra by the spectrum of a standard quartz plate to correct the spectral distortion due to the intensity distribution of the 2 probe pulse. In this paper, the spectra after this correction are called the "ESFG spectra" that correspond to ͉ ͑2͒ ͉ 2 spectra. ͑Here ͑2͒ is the second-order nonlinear susceptibility.͒ For actual timeresolved measurements, the ESFG spectrum was measured with and without the pump pulse alternately at each time delay. The difference spectrum ͑⌬͉ ͑2͒ ͉ 2 spectrum͒ was obtained by subtracting the steady-state ESFG spectrum ͑which was observed without the pump irradiation͒ from the spectrum measured with the pump pulse. All the TR-ESFG spectra in this paper are shown in the form of the difference spectra. The time resolution of the TR-ESFG measurements was evaluated by the cross correlation between the pump and 1 probe pulses, and it was about 400 fs full width at half maximum. Because the sum-frequency generation process of the 1 and 2 probe pulses is almost instantaneous, the time delay of the probe process was determined by the narrowband 1 probe pulse. Note that the time origin of the TR-ESFG measurements is not affected by the chirp of broadband 2 probe pulse ͑the white light continuum͒ so that it does not depend on the probe wavelength. This is a difference from the time-resolved absorption measurements for bulk molecules using white light continuum for probing, in which the time origin depends on the probe wavelength because of the effect of the chirp.
A cylindrical quartz cell was used to contain the sample solution. The solution was stirred to avoid heating or other unwanted photoinduced processes. We chose rhodamine 800 ͑R800͒ as the sample because ͑1͒ it has high surface activity in water and ͑2͒ we have already studied the excited-state dynamics in a bulk solution thoroughly by femtosecond time-resolved absorption spectroscopy as well as picosecond time-resolved fluorescence spectroscopy.
16 R800 was purchased from Exciton as LD 800 ͑perchlorate͒ and was dissolved in HPLC-grade distilled water ͑Wako͒ without further purification. The bulk concentration of R800 was saturated ͑8.3ϫ 10 −5 mol dm −3 ͒. The UV-visible absorption spectrum of the sample solution was measured in a 10 mm cell by a commercial spectrometer ͑U3310, Hitachi͒. All the experi-FIG. 1. ͑Color͒ ͑a͒ Experimental scheme of the TR-ESFG spectroscopy. The solid and dashed arrows represent the electronic transition of the ket and bra, respectively. 2 is a broad-band pulse, which is illustrated with the multicolored drawing. Green arrows correspond to the pump process, and the others ͑red, yellow, and violet arrows͒ correspond to the probe process. ͑b͒ Experimental setup of the TR-ESFG spectroscopy. M and L represent a mirror and a lens, respectively. Some optical elements shown in the side ͑or top͒ view are not shown in the top ͑or side͒ view for clarity.
ments were performed at room temperature, 299 K. The control of the TR-ESFG apparatus, the acquisition, and analyses of the obtained data were performed with a commercial software ͑IGOR Pro, WaveMetrics͒.
III. RESULTS AND DISCUSSION
A. Steady-state ESFG spectrum Figure 2͑b͒ shows a steady-state ESFG spectrum of R800 at the air/water interface. The bottom and top horizontal axes stand for the wavelength corresponding to 1 + 2 and 2 , respectively. The middle vertical axis represents the ESFG intensity normalized by the signal intensity of the quartz. In Figs. 2͑a͒ and 2͑c͒, the UV-visible absorption spectra of R800 in water ͑bulk͒ are shown for the 2 and 1 + 2 wavelength regions, for comparison. As readily seen in this figure, the prominent ESFG bands at 370 and 380 nm are resonantly enhanced both by the one-photon resonance ͑with transitions around 600-800 nm͒ and by the twophoton resonance ͑with a broad transition around 340-440 nm͒.
In our previous paper, we clarified the monomer-dimer equilibrium of R800 in bulk water based on the concentration dependence of the UV-visible absorption spectra, 16 and showed that the population ratio of the dimer to the monomer is about 1:1 in the saturated solution ͑8.3 ϫ 10 −5 mol dm −3 ͒. At the air/water interface, the equilibrium shifts in favor of the dimer due to the surface activity of R800. To estimate the surface concentration of R800, we measured the surface tension of aqueous solutions of R800 by the ring method 17 and found that the surface excess of R800 was around 0.03 molecules nm −2 at 299 K. Assuming that the surface depth was 1 nm, we estimated that the surface concentration of R800 was 5.0ϫ 10 −2 mol dm −3 . Using the equilibrium constant for the bulk aqueous solution ͑2.8 ϫ 10
4 mol −1 dm 3 ͒, we roughly estimated the ratio of the dimer to the monomer at the interface to be more than an order of magnitude larger than that in the bulk. Therefore, we can safely attribute the steady-state ESFG spectrum of R800 at the air/water interface almost solely to the dimer. It has also been found for other surface active dyes that dimers are predominant at the air/water interface. 14, 18 B. TR-ESFG spectra Figure 3 shows femtosecond TR-ESFG spectra of R800 at the air/water interface measured at various time delays. These TR-ESFG spectra are the difference spectra ͑⌬͉ ͑2͒ ͉ 2 spectra͒ which were obtained by subtracting the steady-state ESFG spectrum from the spectra measured with the pump pulse. The observed TR-ESFG spectra remarkably change with time delay, which directly manifests the ultrafast dynamics of the R800 molecules at the air/water interface. Because the ESFG intensity is not proportional to ͑2͒ but to ͉ ͑2͒ ͉ 2 , it is not very straightforward to derive quantitative information about the interfacial dynamics from the TR-ESFG spectra. Nevertheless, we can read the TR-ESFG spectra very reasonably by watching the signal in a particular region one by one, as described below.
With the photoexcitation, negative signals appear immediately. Because the TR-ESFG spectra are the difference spectra, negative signals can be observed only at the wavelengths where the steady-state ESFG signal is observed. ͑Note that, in conventional transient absorption spectroscopy, negative signals due to the stimulated emission gain can be observed even at wavelengths where the ground-state absorption does not exist.͒ Therefore, at first, it is natural to ascribe the negative signals to the pump-induced decrease of the ESFG signal of the R800 dimer in the ground ͑S 0 ͒ state ͑S 0 dimer͒. In order to check this ascription, the TR-ESFG spectra are compared with the steady-state ESFG spectra that were multiplied by negative scaling factors ͑dashed lines in Fig. 3͒ . This comparison shows that the observed TR-ESFG spectra are well reproduced by the steady-state ESFG spectrum for the wavelength region of 385-400 nm at all the time delays. It implies that the negative signals in this wavelength region are solely attributable to the decrease ͑bleach-ing͒ of the S 0 dimer. The negative signals in the other wavelength region are not simply ascribed to the bleaching of the ground-state signal but also contain other contributions.
In TR-ESFG spectra after 0. 
C. Time-delay dependence of the TR-ESFG signals
To discuss the TR-ESFG spectra in more detail, timeresolved traces at ten wavelengths are depicted in Fig. 4 . These traces were constructed from the TR-ESFG spectra measured at 63 different time delays. We carried out a fitting analysis for these data to derive quantitative information about the ultrafast dynamics at the interface.
Because the TR-ESFG signal is the pump-induced change of the ESFG signal ͑i.e., ⌬͉ ͑2͒ ͉ 2 ͒, it can be written as
Here, the subscripts "pump on" and "pump off" indicate the data taken with and without the pump irradiation, respectively. Therefore, pump off
͑2͒
represents steady-state ͑2͒ . ⌬ ͑2͒ ͑t͒ is the pump-induced change of ͑2͒ . Then, we assume that ⌬ ͑2͒ ͑t͒ is expressed as a multiexponential function at each wavelength,
where C i and i are the complex amplitude and the time constant of the ith component, respectively. ͑2͒ ͑and ⌬ ͑2͒ ͒ is a sum of the products of population ͑N͒, the second-order molecular hyperpolarizability ͑␤͒, and a directional cosine matrix ͑R͒ that transforms the molecular frame ␤ into the laboratory frame ͑2͒ . 19, 20 Therefore, Eq. ͑2͒ means that we assume that the pump-induced temporal changes of N, ␤, and R are represented by exponential functions. The pumpinduced change of N has the same meaning as in the conventional transient absorption spectroscopy. The change of ␤ corresponds to the change of the spectroscopic property of the molecules, including a band shift, band broadening/ narrowing, and so on. The change of R means the out-ofplane orientational diffusion of the probed molecule at the interface. Note that the air/water interface in the present study is in-plane isotropic even after the pump irradiation, because the pump pulse is circularly polarized and is irradiated at normal incidence. It induces out-of-plane anisotropy at the interface but does not affect the centrosymmetric character of the bulk region. Among the three quantities, ␤ is a complex quantity, which makes the C i value complex in principle. 21 Using Eqs. ͑1͒ and ͑2͒, we performed a global fitting for all the TR-ESFG traces. In the fitting procedure, it was found that the complex phases of pump off
and C i ͑i =1-3͒ could not be uniquely determined. Therefore, they were set at zero. The pump off
values were chosen and fixed so that their square values become equal to the intensities of the steadystate ESFG spectrum shown in Fig. 2 . The best fits are shown with solid curves in Fig. 4 . Three exponential compo- As already discussed, the negative signals in the 385-400 nm region are exclusively ascribed to the bleaching of the S 0 dimer. The fitting analysis indicated that the TR-ESFG traces in this wavelength region contain only two exponential components that have time constants of 6.4 ps and 0.85 ns. This implies that the bleaching of the S 0 dimer recovers with these two time constants. Although ⌬ ͑2͒ depends on N, ␤, and R, the temporal change of the ESFG signals in the 385-400 nm region is highly likely attributed solely to the change of the population N because of the following two reasons. First, the band shape of the TR-ESFG spectra in this region is almost identical with the steady-state ESFG spectrum at all the time delays. It means that the temporal change of ␤ is negligible. Second, the high intensity of the steady-state ESFG spectrum suggests a narrow distribution of the out-of-plane orientation of the S 0 dimer. Therefore, it is unlikely that the pump pulse creates a significant hole in the orientational distribution of the S 0 dimer. It excludes the possibility that the orientational relaxation causes a noticeable change in ESFG signals through the temporal change of R. 22 Consequently, we concluded that the population of the S 0 dimer recovers with the two time constants of 6.4 ps and 0.85 ns at the air/water interface after the photoexcitation.
The positive signals in the 425-455 nm region are attributed to the transient species that is generated by the photoexcitation. The TR-ESFG trace at 440 nm in Fig. 4 was reasonably fitted by a fast rise having a time constant of 0.32 ps and the following decay with a time constant of 6.4 ps, although some deviation is seen in the very early time delay owing to the small signal intensity. This transient sig- The TR-ESFG signal at 365 nm exhibits a characteristic temporal change which is fully consistent with the abovedescribed interpretation of the TR-ESFG signals in the other wavelength regions. At 365 nm, the negative signal first appears but it turns to positive with a time constant of 0.32 ps. The resultant positive signal decays with the two time constants of 6.4 ps and 0.85 ns. In this wavelength region, the positive contribution from the transient species and the negative contribution due to the ground-state recovery are overlapped. The former is larger than the latter except in very early time, so that the negative signal due to the bleaching of S 0 dimer is first observed, and then the TR-ESFG signal becomes positive as the transient species appears. The TR-ESFG signal decays with the two time constants of 6.4 ps and 0.85 ns as the transient species is relaxed to generate the S 0 dimer.
D. Ultrafast dynamics of R800 at the air/water interface
In our previous work, we studied the excited-state dynamics of R800 in bulk water using femtosecond timeresolved absorption and picosecond fluorescence spectroscopies. 16 In the bulk saturated solution, about half of the molecules formed the dimer. The 690 nm pump pulse excited the dimer to the S 1 state, and the lifetime of the S 1 dimer was 3.0 ps in the bulk solution. The S 1 dimer dissociated to generate a pair of the monomer in the S 1 state ͑S 1 monomer͒ and the monomer in the ground state ͑S 0 monomer͒, or directly relaxed to the S 0 dimer. The lifetime of the S 1 monomer was 0.73 ns in the bulk, and it decayed to the ground state either radiatively or nonradiatively. With referring to this excited-state dynamics in bulk water, we discuss the ultrafast dynamics at the air/water interface based on the obtained TR-ESFG data.
Because the 0.85 ns time constant observed in the present TR-ESFG experiment is close to the S 1 lifetime of the monomer in the bulk, the corresponding dynamics is safely assigned to the relaxation of the S 1 monomer to the ground state at the air/water interface. In other words, the transient species observed in the present TR-ESFG measurements is the S 1 monomer. The S 1 monomer gives positive TR-ESFG signals in the 358-367 nm region as well as in the 410-460 nm region. The temporal change of the negative TR-ESFG signals in the 367-400 nm region is attributed to the corresponding recovery of the bleaching of the S 0 dimer ͑plus the decay of the S 1 monomer͒.
The positive signals in the 358-367 nm region decay not only with the time constant of 0.85 ns but also with the time constant of 6.4 ps. To assign this 6.4 ps component, we refer to the spectra constructed with the C 2 and C 3 values. ͑C 2 and C 3 provide spectral information of the 6.4 ps and 0.85 ns dynamics, respectively.͒ As clearly seen in Fig. 5 , the C 2 and C 3 spectra are very similar to each other in shape in the whole wavelength region. This strongly indicates that the 6.4 ps component is also attributable to the relaxation process of the same species that shows the 0.85 ns decay. Consequently, the 6.4 ps dynamics is attributed to the relaxation of the S 1 monomer. Although the 0.85 ns component could not be recognized in the 425-455 nm region, it is probably due to the small intensity and insufficient S / N of the TR-ESFG signals in this wavelength region.
Because almost all R800 molecules form the dimers at the interface, the S 1 monomer is not generated directly by the photoexcitation. The rise time constant of 0.32 ps seen in the region of 358-380 and at 440 nm corresponds to the generation of the S 1 monomer by the dissociation of the S 1 dimer that is created directly by the photoexcitation. The ESFG signal of the S 1 dimer was not recognized in the wavelength region of the present measurement. It is consistent with the femtosecond time-resolved absorption data for the bulk so- 
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and C i ͑i =1-3͒ are defined in Eqs. ͑1͒ and ͑2͒, respectively ͑see text͒. pump off
, C 1 , C 2 , and C 3 values are represented with black circles, blue triangles, brown squares, and red squares, respectively. C 1 , C 2 , and C 3 correspond to the amplitudes of exponential functions having time constants of 0.32 ps, 6.4 ps, and 0.85 ns, respectively. lution, which showed that the transient absorption of the S 1 dimer is significantly shifted from the transient absorption of the S 1 monomer. 16 All the photogenerated transient species that contribute to the signals observed in the present TR-ESFG measurements are the same as those in bulk water which were identified by the femtosecond/picosecond time-resolved spectroscopies in our previous work. 16 However, their dynamics and kinetics at the air/water interface are remarkably different from those in the bulk. The dissociation of the S 1 dimer is significantly accelerated, and the generated S 1 monomer decays with two time constants. This is a clear manifestation that the interface provides a peculiar environment for the solute molecules, also from a viewpoint of the excited-state relaxation process. It would be worth discussing a possible mechanism that makes the decay of the S 1 monomer biexponential at the interface. In the two lifetimes of the S 1 monomer at the air/ water interface, 0.85 ns is almost the same as the lifetime in bulk water and hence it is considered the intrinsic lifetime of the S 1 monomer. On the other hand, the 6.4 ps time constant is due to a relaxation mechanism that is peculiar at the interface. Significant differences at the air/water interface from the bulk solution are the high molecular density and the specific alignment of the solute molecules. We consider that such a situation may induce efficient geminate recombination. In other words, the photoexcitation of the S 0 dimer generates the S 1 dimer that dissociates to the S 1 monomer and the S 0 monomer. This pair of the S 0 and S 1 monomers may be surrounded by the other solute molecules because the number of solute molecules per unit area is quite large at the interface due to the high surface activity of R800. In such a situation, solute molecules may form "a cage" around the pair of the S 1 and S 0 monomers that are created by the dissociation of the S 1 dimer. A portion of the S 1 monomers recombines with the S 0 monomers in the cage, and the other portion of the S 1 monomers escapes by diffusion and is relaxed to the ground state with the intrinsic lifetime of the S 1 monomer. We consider that this is one of possible mechanisms. If it is the case, we can assign the 6.4 ps component to the geminate recombination and the 0.85 ns component to the intrinsic relaxation process. We also considered the possibility that the translational diffusion of molecules along the surface normal gives rise to the 6.4 ps component. However, the contribution from the translational diffusion is unlikely. In fact, the translational displacement from the interface is estimated to be only 2.4 Å in 100 ps with the diffusion coefficient of a similar dye ͑rhodamine 6G͒ in bulk water. 23 Furthermore, even if excited-state molecules at the interface move into the bulk region to some extent, this translational displacement itself is not expected to significantly change the TR-ESFG signal because it does not affect the inherent anisotropy of the interfacial environment as far as the molecules are aligned. The diffusion along the surface normal can induce the temporal change of the ESFG signals only when it is accompanied with orientational motions. It is also very unlikely that the rotational motion contributes to the 6.4 ps dynamics, because the rotational motion is expected to occur much more slowly as estimated from the rotational diffusion time ͑110 ps͒ 24 in bulk solution. The ultrafast relaxation process of the photoexcited R800 at the air/water interface is summarized as follows. The S 0 dimer that predominantly exists at the air/water interface is excited to the S 1 dimer by the photoexcitation at 690 nm. The S 1 dimer dissociates to a pair of the S 1 monomer and S 0 monomer with the time constant of 0.32 ps. The S 1 monomer generated by the dissociation exhibits an interface-specific biexponential decay having the time constants of 6.4 ps and 0.85 ns. The 6.4 ps time constant corresponds to an interface-specific deactivation process which may be the geminate recombination at the interface. The 0.85 ns time constant is ascribed to the intrinsic lifetime of the S 1 monomer at the air/water interface, which is almost the same as the lifetime in bulk water. The ultrafast dynamics at the air/ water interface clarified by the present TR-ESFG study is sketched in Fig. 6 .
In the present work, we investigated the excited-state dynamics of R800 at the air/water interface with newly developed TR-ESFG spectroscopy as thoroughly and systematically as we did for the dynamics in bulk water with the conventional femtosecond time-resolved absorption spectroscopy. The present study clearly demonstrated the feasibility of the TR-ESFG spectroscopy as well as its high potential for studies of ultrafast dynamics at liquid interfaces, which is much less understood than the dynamics in bulk solutions. We can fully take advantage of the interface selectivity of the TR-ESFG spectroscopy to investigate the dynamics of a variety of unexplored interfacial phenomena.
